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Experimental and Theoretical Study
of
€0, Staggered Holluv-Bore Array Lasers

1.0 INTRODUCTION

From June 1984 to September 1987, United Technologies Research Center
(UTRC), under the sponsorship of the Air Force Office of Scientific
Research Contract Nos. F494602-C-0062 and F49620-85-C0109, conducted
research to explore unique ridge waveguide techniques for phase-locking
coupled waveguide lasers. The motivation for investigating coupled
vaveguide laser arrays was to scale their output power according to the
number of elements in the array while maintaining single frequency
operation. Several designs were considered and tested, among which the
staggered hollow-bore (SHB) arrays proved to be most desirable in terms of
the loss, mode discrimination, and single frequency operation [1-5].

There has been, hovever, a lack of general understanding of the SHB
arrays; it is necessary to gain a better insight into how the device works
and vhat parameters are important in order to improve SHB array’s
performance.

The objective of this program is to study coupled high power CO
vaveguide laser arrays, staggered hollow-bore arrays to be exact, bo%h
experimentally and theoretically so that ultimately a means of obtaining
greater output pover and a more uniform array pattern may be devised.
Howvever, as the priority of the program is on understanding the array’s
behavior, no modifications are made to the waveguide strcuture in an
attempt to improve the laser’s performance.

Section 2 describes the experimental effort which had a two-tiered
structure: one, a parametric study of larger arrays, and two, a close look
at simpler structures to lend supporting - or refuting - evidences to
those premises based on the previous results. It was found that the
differences in effective cavity lengths of an array can lead to a tapered
intensity distribution across the array and also a powver loss vis a vis
vith the uniform cavity length case. In a related finding, a large loss
in just one element of the array turned out to significantly affect the
entire array. Section 3 describes the theoretical portion of the
research, vhich concentrated on trying to explain the observed
experimental phenomena; it includes first-order theories on the primary
loss mechanisms, especially the mode mismatch loss mechanism, and
formuations on how to solve for the supermodes and locking behaviors.
Section 4 assesses the findings of this research program and points out
some possible directions for future work in the area of phase-locked

arrays.

1.1 Background

The basic concept behind staggered hollow-bore arrays lies in that
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because of the alternating positions of the two sets of dividing walls
{see Figure 1-1], the array would naturally favor the EH 1 wvaveguide mode
in each channel, wherein the two lobes of the field voulg differ in phase
by 180° (see Refs. [3] and [5] for a more detailed description]. 1In
reality, howvever, the two lobes are not out of phase by 180° and, more
importantly, the array intensity distribution has been observed to be
highly nonuniform in some cases [3]. Clearly, scaling of the output powver
- according to the number of elements in the array - would not be
possible, were this pattern of tapered distribution to hold for an
arbitrary number of elements. These "imperfections" provided clues which,
in part, helped shape the direction of the research program.

Many of the concepts and experimental features included in this
report are discussed in a rather concise manner as they have already been
expounded upon in previous reports [1-3]. Interested readers are advised
to refer to them for more details.

1.2 Program Summary

Chief accomplishments of the program have been establishing a
connection between the effective cavity length variations and the output
pover, and demonstrating the potential for modulating an entire array by
controlling the loss in just one of the elements in the array. Mode
mismatch loss was singled out as the likely mechanism responsible for the
former. In the process, a novel technique employing pairwise far field
pattern measurements was used to estimate the phase profile of the field
in the array. The following is a list of key results.

1) Establishment of a connection between the effective cavity
length variations and the output pover.

2) Demonstration of a concept for a potential amplitude modulator
vhich requires modulation of the field in just one or two
elements of the array.

3) Detailed analysis of the mode mismatch loss mechanism;
especially, examination of its dependence on the amplitude and
phase imbalance between the fields in adjacent guides. Results
used to explain the output power and array pattern behavior.

4) Estimation of the phase profile of the array based on pairvise
far field patterns. The profile linked to a spread in effective
cavity lengths.

5) Measurements of the far and near field patterns of two-, eight-,
and ten-element arrays.

6) Parametric study of the output power: its dependence on the input
pover and pressure for the two- and ten-element arrays.

7) Observation of the "in-phase" and "out-of-phase" modes during
phase-locked operation of the two-element array (Not of the SHB




8)

geometry).

Observations of very uneven discharge distributions in an
uncoupled ten-element array
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2.0 DESCRIPTION OF TBE EXPERIMENTAL EFFORT

2.1 Experimental Setup

Figure 2-1 is a schematic illustration of the 37 cm waveguide laser
array test bed used for this program. Its features have been well
documented in {3]. It is, nevertheless, worthwhile to point out the
importance of the PZT-actuated mirrors since these ZnSe mirrors produce a
change in the cavity lengths: whereas the PZT on the total [maximum]
reflecting mirror introduces a uniform change across the array, the PZT
mounted on the output coupler mirror introduces a linear variation. Also,
it should be mentioned that only the SHB arrays with rectangular channels
- as opposed to round channels - were used throughout the experiments.

Figure 2-2 is a schematic of the experimental setup as laid out on
the optical bench. Basically five methods were employed to diagnose the
laser output: output power measurement; spectral analysis; far field
intensity pattern; near field intens.ty pattern; and thermal imaging plate
patterns. The output power measurement was done with a removable power
meter wvhile the spectral content of the output was examined with an AuGe
detector in conjunction with a spectrum analyzer. A visual inspection of
the beam was made with the help of a thermal plate at various locations,
e.g., at the beam dump and in front of the pyro detector. Finally, the
far field and the near field intensity scans - one-dimensional - were
obtained at a common plane by directing the beam through spherical mirrors
of different focal lengths and then through a common scanner to the pyro
detector, wvhich was then connected to a scope. In order to minize the
error associated with estimation of the position of near field plane, a
transmission grating and a flashlight were placed at the site of the laser
and the location with the clearest image of the grating was marked off as
the detection plane for the near field image.

\}
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2.2 Experimental Results for an Eight-Element SHB Array

In this segment of the experiment, the key quantities of interest to
us vere: the shapes of the field patterns - both near and far fields; the
output pover level; and the phase relationship among the different lobes
in the array. Measurements of these quantities would subsequently be used
to examine the behavior of SHB array.

The output coupler end of the array had five channels, with the
middle three channels having dimensions of 105 mils x 90 mils each and the
tvo end channels measuring 50 mils x 90 mils each. The dividing aperture
valls vere approximately 6 mils thick each.

A couple of remarks can be made regarding the near field intensity
scan, i.e., the horizontal profile of the optical beam intensity at the
output plane of the waveguide array. One, as can be seen from Figure 2-3,
the intensity tapers off away from the center of the array, rather than
being uniform. This point is of great practical importance since it
prevents an efficient scaling of pover in going from a single-channel
structure to a multi-channel array structure. Two, the field distribution
wvithin each channel is slightly asymmetric, indicating that the field does
not quite conform to the EH 1 vaveguide mode [although it is no doubt the
predominant component). Finally, the field does not have a deep valley at
the center of each channel that it does at the dividing wall positions.

A far field scan can give an indication of the relative phases of the
lobes in the array [Loosely speaking, each "lobe" refers to a field
distribution that is marked by a clear minimum on each side]: a double-
lobed, symmetric far field intensity scan would imply that the phase of
the lobes differ from those of their adjacent lobes by 180°, whereas an
asymmetric pattern favoring one side over the other would be a proof to
the contrary. The two asymmetric lobes in Figure 2-4 show clearly that
the assumption of the phase of the lobes alternating in sign from one
element to the next is not quite true. That the two lobes are nearly
equal does, hovever, indicate that the main component in the optical field
in each of the guides is indeed the EHZ mode. [A visual inspection of
the thermal plate images confirms that %he it is ineeed the EHZ mode
rather than EH2 mode]} Intuitively, we would suspect that the }nevitable
differences in %he cavity leng-hs of the array would forbid the phases to
differ by exactly 180° even if the Eﬂz mode were the only component.
This, and a suspicion that cavity leng%h differences may also manifest
themselves in the form of a decreased output power led us to the set of
measurements described below.

"Pairwise" far field patterns provide an even more direct means of
estimating the relative phases of two adjacent lobes. An observation of
a pairwise pattern is accomplished by blocking off all but the two lobes
that are of interest to us with a pair of beam blockers, right after the
laser beam has emerged from the output coupler mirror. A series of these
pairvise far field patterns captured on the scope are displayed in Figure
2-5, starting vith the pair from the left end of the array. It is
interesting to note that the disparity betveen the two far field peaks is




the smallest in the middle region of the array and grows towards each end.
Later in Section 3.4, we will estimate the phase profile of the field (in
the array] from this figure and interpret it along with other data.

Incidentally, with input powver at ~ 1000 W and pressure at B0 torr,
the maximum power obtainable from this eight-element laser was
approximately 45 to 50 VW, which is a substantial dropoff from typical
pover outputs of about 70 V for an uncoupled array of similar size
{assuming 0.4 X one-way intracavity loss}. The laser maintained its
phase-locked operation, i.e., the output was of single frequency, through
a substantial amount of PZT tuning.

As described earlier, cavity lengths can be varied, to a certain
extent, by controlling the PZT voltages. Between the PZT located at the
maximum reflector end, hereafter termed "length" PZT, and the PZT at the
output coupler end, termed "tilt" PZT, moving the latter clearly yielded
more interesting results. Although varying the length PZT voltage did
result in a change in the output power, it did not significantly change
the shape of the intensity distribution in the array. Varying the tilt
PZT voltage, however, not only affected the overall output power level,
but also shifted the peak of the ar:a: intensity toward one side, the side
vhere the distance between the waveguide and the end mirror is reduced as
a result of the tilt [see Figure 2-6 for example]. Output power was
maximum when the peak was in the middle and decreased sharply when the
mirror tilt deviated from that position. It is worth noting that the
maximum displacement of the mirror [across the array} brought about by the
tilt P2T is only on the order of a few um; this will be an important clue
for us vhen we try to explain the device’s response to a tilt in Section
3.3.

In an effort to determine whether the end elements play a critical
role in shaping the array intensity distribution, the following experiment
vas conducted. A thin piece of ceramic - made of Al,0,, as is the
waveguide - just large enough to match the dimensions df the end elements
vas gently lodged in one of the end elements near the output coupler end.
As the ceramic is highly lossy at 10.6 um, this represents a very large
loss for the wave in that element. The result wvas a dramatic reduction in
the output power ~ down to about 15 W - , accompanied by a shifting of the
intensity distribution avay from the side with the lossy element, as shown
in Figure 2-7a. Note that no power is coming from the leftmost element
and a very sm~1ll amount from its immediate neighbor. Compare this to
Figure 2-3. 3ecause of the way the geometric configuration of SHB arrays
forces the field in one channel to be coupled with those from the other
channels, the ceramic piece affected not only the field in the end
element, but also the field in the rest of the array as well.

Also, note from Figure 2-7b that the far field scan shows a far
greater degree of asymmetry between the two peaks compared to the case
without the ceramic piece [cf. Figure 2-4), suggesting that the phase
profile of the field in the array has deviated from that of a pure EH 1
mode even further than before. This is further substantiated by a series
of pairvise far field pattern photos shown in Figure 2-8. Note hov large
the disparity between the two peaks is in each photo [compare these to the
previous results with no ceramic piece in Figure 2-5] and how it grows
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Figure 2-3 Near Field Intensity Scan of
the Eight-Element SHB Array
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Figure 2-4 Far Field Intensity Scan of
the Eight-Element SHB Array
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Figure 2-5 Pairwise Far Field Patternsof the Eight-Element Array
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Figure 2-6 Effect of a Tilt on the
Near Field Pattern

THE END WHERE THE MIRROR 1S
IS MOVED CLOSER TO THE ARRAY

Figure 2-7 Near and Far Field Scans of the
: Array with a Ceramic Piece in Channel 1

NO POWER OUT OF THE
LOSSY ELEMENT

(4) Near Field Scan (b) Far Field Scan
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Figure

2-8 Pairwise Far Field Patterns for

the Lossy Eight-Element Array
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towvard the end with the lossy element.

This experiment involving insertion of a ceramic piece into the laser
vas repeated with a larger ceramic piece, this time lodged in the center
channel spanning elements 4 and 5. This time, the suppression of the
output pover was almost complete; the meter reading registered less than 1
V. It seems that because of the symmetry, a large intracavity loss in the
middle portion of the array reduces the output power much more efficiently
than a similar loss in the end channel. In any case, this finding could
have some important implications, and they will be discussed in Section 4.

2.2 Experimental Results for a Two-Element Array

Many interesting features were observed with the eight-element array.
Hovever, because there are many elements in the array, it is difficult to
isolate the effects of a single mechanism in such an environment. The
tvo-element array shown in Figure 2-9 was constructed just for that
purpose. The guide dimensions were 44 mils x 87 mils each and the
dividing wall’ thickness was about 10 mils.

One of the original goals set for the two-element array experiment
vas to study its phase-locking behavior as a function of the coupling
length [1c in the figure]; the coupling length would be increased in
discrete Steps by incrementally removing the dividing aperture wall.

Vith the entire dividing wall in tact - except for a little chip at
one end measuring about 5 mm -, phase-locked behavior was witnessed for a
small range of PZT adjustments. The pictures in Figure 2-10 correspond to
the far field intensity pattern of the "in-phase" phase-locked mode, the
"out-of-phase" phase-locked mode, and finally, the unlocked mode,
respectively. The in- and out-of-phase modes are named so because the
fields in the left and the right half of the array had to be in and out of
phase with each other, respectively, in order to produce such far field
patterns. It is somevhat surprising that the two elements can be locked
together at this point, given that the coupling due to the chip and the
the diffraction coupling due to the [small)] gap between the waveguide and
the end mirror are probably quite weak.

As mentioned earlier, it had been hoped that the output power and the
locking-range could be measured as a function of the coupling length.
Howvever, the latter turned out to be a challenging problem; due to a very
strong coupling between the two elements, it was nearly impossible to
unlock the array without its breaking into higher order [spatial] modes
for coupling length of 5 cm and beyond. Measurements of the locking range
af versus the input power and pressure were obtained at 1 = 2 cm and
the results are presented in Table 2-1. The rf power dependeﬁce is not
immediately obvious, but the data clearly indicate that the locking-range
increases with the pressure.
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Table 2-1 Locking Range Aflock vs. Input Powver, Pressure

Pin(v)
250 275 300 325
70 0.6 MHz 0.7 MHz 0.7 MHz
Pressure
(torr) 90 1.0 MHz 0.9 MHz 1.0 MHz 1.0 MHz
110 1.5 MHz 1.3 MHz 1.3 MHz 1.5 MHz

[Coupling Length = 2 cm]

Next, a parametric study was performed to measure the output power’s
dependence on the coupling length. Table 2-2 below shows the maximum
pover obtained for the array for various coupling lengths with the rf
pover Pin at 300 V and the pressure p at 100 torr.

Table 2-2 Pout vs. Coupling Length

Coupling Length (cm)

0 2 s* 10 20 30
P, (V) |17-18 18 17 13-15 | 7-8 7-8
[P, = 300V (325%), Pressure = 100 torr]

It appears that P u decreases with the coupling length. However,
these numbers should be accepted with some caution. The above measurement
vas plagued time and time again by the problem of partial discharge, viz.,
only a part of the array would have a full gas discharge. In fact, the
pover meter readings either fluctuated quite 1 bit in some instances -
this was definitely not due to the usual thermal tuning process - or
changed from one trial to the next. Therefore, we believe some of the
measured output power values were probably lower than they ought to have
been.

One major reason for studying a two-element array, besides its
structural simplicity, was its symmetry. Because of the symmetry between
the two halves, it seems reasonable to expect vhatever physical conditions
that exist on one side of the array, such as the temperature distribution,
to prevail on the other side as well. This would mean that the tilt P2ZT
could be used to produce any desired -~ within limits of the allowable PZT
extension - difference in the effective cavity length between the two
elements and that the array’s response could then be monitored to find, if
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any, correlations between them. This was done with the coupling length at
S e¢m and pressure at 100 torr. Summary of the results are described
below, but first a comment on the measurement procedure that was employed.

First, the output pover was maximized with respect to tilt and length
(PZT) adjustments. Presumably, the two elements of the array have equal
effective cavity lengths at this point. Then, various amounts of tilt
vere applied from this quiescent point and the change in the output wvas
recorded. [The actual amount of tilt inside the laser was estimated by
using a setup that utilized a HeNe laser at a distant location and its
reflection off a small mirror attached to the laser’s mirror mount. A
digital multimeter was also used to monitor the applied voltage to the
PZT] Table 2-3 shows the effect of tilt on the output power, while Figure
2-11 depicts how the far field scans were affected. Corresponding near
field scans are displayed in Figure 2-12. The swing in the cavity length
difference over the full range of tilt PZT adjustment is approximately 1
um. In the table, 81 is the [one-way) path length difference between the
tvo elements that was induced by the tilt.

Table 2-3 Pou vs [Tilt-Induced] Cavity Length Change

t

4l (um)

0.0 0.263 | 0.394 | 0.659 | -0.362

Pout(V) 18 16 11 7 11

[P n = 325-345 W, Pressure = 100 torr, 1c = 5 cm])

i

From examining the table and the figures, a few things are
immediately obvious. One, a tilt to either direction, from the maximum-
output-pover-position, produces a rather sharp drop in power. Two, the
drop in output power is accompanied by a similarly noticeable change in
the far field pattern; in particular, the symmetry of the twin-peak
pattern gets increasingly distorted with a greater amount of tilt. Three,
the near field distribution seems to be affected by the tilt only to
the extent that it is scaled down; the degree of symmetry does not appear
to change much. And four, only.the out-of-phase mode is observed. 1In
fact, this is true for any coupling length [except 1 = 0]. This is
plausible since the out-of-phase mode has a lower loss at the dividing
wvall, owing to its weaker intensity in the middle of the array.

2.4 Experimental Results for a Ten-Element SHB Array

The experiment with the eight-element array shed light on some,
rather important behaviors of phase-locked SHB arrays, in particular the
effect the cavity length variations have on the output power and the
intensity and phase profile of the field. These findings wvere given
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Figure 2-9 Structure of the Two-Element Array
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Figure 2-10 Far Field Patterns of the Two-Element Array
(1, =0)
c

(a) In-Phase Mode (Locked)

(b) Out-of-Phase Mode (Locked)

(c) Unlocked
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Figure 2-11 Effect of a Tilt on the Far Field Pattern
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Figure 2-12 Effect of a Tilt on the Near Field Pattern
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further support by the results of the experiments performed on the
tvo-element array, and will provide much of the basis for our effort in
Section 3.3 in formulating a theory on the underlying mechanism
responsible for SHB array’s behavior in phase-locked regime. 1In the last
portion of the experimental phase of our program, a ten-element SHB array
vas fabricated and tested, with the main goal of providing an opportunity
to test the model based on the preceding two- and eight-element array
results.

The ten-element array, as it wvas first delivered from the shop, was
not in the SHB configuration, with all ten elements completely separated
by the dividing walls along the waveguide. And before the waveguide was
altered to conform to the SHB array structure, two sets of measurements
vere made.

The first set of measurements were made with the array untouched, in
the original shape; these measurements would later be used as a reference
with which to compare the results of the phase-locked SHB array. First,
minimum spread of frequencies bf (cf. [1},13)) was measured as a
function of pressure. With the nominal input power at 1 kW, of vas
estimated to be about 40, 40, 80, and 110 MHz for pressures of 96? 80, 90,
and 100 torr, respectively. The rationale behind this measurement was
that Afmi would most likely correspond to the beat frequency betwveen one
of the enid elements and one of the inner elements because cooling is
probably most efficient near each end, and therefore we may get a crude
estimate of the spread of the refractive index in the array and also the
effective cavity length variations [ignoring the actual physical cavity
length variations that may exist in the array for the moment]. Our
hypothesis regarding the end elements being cooled more efficiently was
justified somevhat by an additional set of measurements, which were
obtained under the same set of circumstances as the last set; the only
difference was that nov the end element from each side of the array wvas
not lasing. The corresponding a4f {n vas 35, 25 and 40 MHz for p = 70, 80,
90 torr, respectively [measuremenT unavailable for 100 torr]. Clearly,
the minimum spread of frequencies is a lot smaller without the end
elements, suggesting that the inner elements have more a uniform index
profile. This rather fortuitous [?] event was caused by a recurrence of
the uneven discharge distribution problem; as will be mentioned shortly,
the end elements had either a very weak discharge or none at all in
certain cases.

Next, the near field and far field scans were taken at P n* 1000 W
for various pressures (see Figure 2-13); since the far field pattern did
not change much with this uncoupled structure, only one was included. It
is interesting to see how the uniformity of the near field distributions
at lover pressures gives way to odd-looking profiles as the pressure is
increased. In particular, the intensity at the end elements became
progressively weaker with increasing pressure, and at 120 torr, we
vitnessed a very curious feature involving the intensity being stronger at
every other element. Tilt PZT adjustments do not seem to affect the
intensity distribution too much, which is not surprising since there is no
- or very little - coupling among the elements; tuning the length PZT
results in a small change in the level of the near field scan without
affecting its shape.
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Given that the elements are not coupled together and that their
losses must be very similar, we are led to believe that the cause of these
nonuniform intensity profiles must be a nonuniform discharge distribution
in the array. Unfortunately, it is not clear at this time why the
discharge [density] is not uniform in some cases. The uneven discharge
problem is troublesome in that under such a condition, output power cannot
be extracted to its fullest potential. From an analytical standpoint, the
nonuniformity may make it difficult for us to distinguish the phase-
locking-induced effects from the discharge-induced effects since the
former could also cause a nonuniform intensity profile. However, the
laser could perhaps be operated in a lov pressure, high rf powver regime,
vhere the discharge distribution is likely to be more uniform, so that
any discharge-related effect may be minimized.

The last parametric study conducted with the uncoupled ten-element
array was that of the output power vs. rf power and pressure; Table 2-4
allovs a quick look at the results. Whereas the correlation between the
input power and the output power seems obvious - at least in this regime -
the pressure dependence is not very clear.

Table 2-4 Output Pover vs Input Power, Pressure:
Uncoupled Ten-Element Array

Pin ™
800 950 1100 1250
80 52 59 66 70"
Pressure | 90 48 60 68 74*
(torr)
100 46 54 64 74
[* Pin = 1200 V]

The second set of measurements were made after having removed about 5
cm from each dividing wall in an alternating fashion as shown in Figure
2-14; the walls separating the two end elements from the rest of the array
vere left untouched. The purpose of this particular move was to see
vhether an increase in output power and a more uniform array profile could
be obtained - compared to the usual SHB array structure - by adopting this
more uniform array structure. Ve say more uniform because, topologically,
the channels in this arrangement are more alike [ignoring the end elements
vhich vere left uncoupled to the rest for comparison purpose] than in the
ordinary SHB structure, vhere the end elements are quite different from

the rest of the array.

Unfortunately, it was not possible to phase-lock [the inner elements])
in this configuration despite considerable amount of effort. Furthermore,
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Figure 2-13 Near and Far Field Patterns of an Uncoupled
Ten-Element Array for Different Pressures

60 torr 110 torr
80 torr 120 torr
90 torr
100 torr
FAR FIELD PATTERN (80 torr)
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the near field scan and thermal plate images revealed that the field
distribution in the array was not only highly nonuniform but also
contained a lot of higher order mode content. At 90 torr, 1000 VW of rf
powver resulted in only 20-25 VW of optical powver, which is less than half
of the corresponding value for the previous uncoupled case. This dramatic
decrease in output power in comparison to the no-coupling case may be
chiefly due to the loss at the dividing aperture valls (to be termed mode
mismatch loss later] and the discharge problem that we have encountered
before.

After the preceding measurements wvere made, the array was finally
transformed into the regular SHB array structure, with the coupling region
occupying half of the waveguide length. First, a parametric study of P
vs. P, and pressure was conducted; its results are tabulated in Table 995
[The in values reported here were maximized with respect to tilt PZT
adjustgents]. Note the significant reduction in Pout across the board
comapred to the no-coupling case [cf. Table 2-4].

Table 2-5 Output Power vs Input Powver, Pressure:
Ten-Element SHB Array

Pin (W)
800 | 950 | 1100 | 1200
80 | 34 40 38 34
Pressure| 90 26 27* 41 38
o) Hoo | ¢ | 22 | 0 | @«

The entries with an asterisk(*) mark should be viewed with some skepticism
as the problem of partial discharge is suspected in some of the guides for
those cases.

Next, at the operating point of P n= 1200 ¥ and p = 90 torr, the

effects of tilt PZT adjustments on P_ ., near field and pairvise far field
ut

patterns were examined. The values $or p n and p vere chosen so as to
{hopefully] minimize the influence of uneven gas discharge distribution
(see FPigure 2-13) while maintaining a reasonable level of output powver.
Originally, measurements at several tilt positions were planned. However,
difficulty in maintaining a clean mode pattern in single frequency made it
necessary to take measurements at only two tilt positions, with the first
position representing the maximum output pover position and the second
position representing the edge of phase-locked regime. When a tilt larger
than the latter wvas applied, a single beat frequency appeared, with
additional beats appearing upon further increase in the tilt. The angular
separation between the first and the second tilt positions wvas estimated
to be only about 80 urad, equivalent to roughly 0.1 um in terms of the
change in the cavity length difference between a pair of adjacent guides.
As a result, it was no great surprise that the two sets of data - one for
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each position - were quite similar.

The output powver for the two cases was measured at 38 and 34 W,
respectively [44 V was observed at one time, but it could not be
sustained]. This represents a substantial loss of power compared to the
uncoupled case’s 70 V¥, and may be, in part, related to the frequent signs
of discharge problems and the alignment difficulties experienced during
the measurement process.

Figures 2-15 and 2-16 are the photographed near and far field
patterns at the first and second tilt positions, respectively; Figures
2-17 and 2-18 show the pairwise far field patterns for the two tilt
positions, going from right to left in the near field pattern pictures. A
fev comments are in order regarding these pictures.

The effects of tilt on the array’s near field intensity distribution
are quite apparent seeing that the near field pattern for the second case
~ with a larger applied tilt - has a decidedly more lopsided appearance.
The skewed near field pattern of the first tilt case suggests that the
there may have been some amount of mirror tilt in the first place, perhaps
introduced in the mirror alignment process prior to PZT tuning.

The two main lobes of the far field photograph are of different
amplitudes in each case, indicating that the phase distribution of the
field across the array does not really obey that of a pure EH,, mode,
i.e., the phase of the field does not change by exactly 180° from one
element to the next. Another visible evidence of the presence of other
vaveguide modes in each guide comes from the little peaks that lie outside
the two principal lobes. These minature peaks, representing probably the
EH,, mode component in the phase-locked mode, is more pronounced in the
second case, vhich seems consistent with the findings of [6]) correlating
the extent of mirror tilt with fractional content of higher order
vaveguide modes in the resonator mode of a single waveguide. [By
comparison, Figure 2-4 shows a very symmetric far field pattern with
virtually no side peaks. Judging from the accompanying near field scan in
Figure 2-5, amount of mirror tilt appears to have been minimal in that

instance]

The two sets of pairvise far field pattern pictures in Figures 2-17
and 2-18 are similar in general: in each case, the first picture seems to
have the most asymmetric pattern, indicating a large phase mismatch
betveen the two veakest-intensity elements of the array. The last
pairvise pattern of Figure 2-17 appears to be anomaly.
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Figure 2-15 Near and Far Field Patterns of a Ten-Element SHB Array (I)

Near Field Pattern Far Field Pattern

Figure 2-16 Near and Far Field Patterns of a Ten-Element SHB Array (II)

B 1 3 1

Near Field Pattern
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Figure 2-17 Pairwise Far Field Patterns of a Ten-Element SHB Array (I)
(Starting from the rightmost pair of lobes in Figure 2-15)




Figure 2-18 Pairwise Far Field Patterns of a Ten-Element SHB Array (II)
(Starting from the rightmost pair of lobes in Figure 2-16)
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3.0 DESCRIPTION OF THE THEORETICAL EFFORT
3.1 Introduction

The main focus of the theoretical effort in the program was placed
on gaining a better understanding of the observed experimental results so
that improvements can be made on the present performance level. 1In
particular, a theoretical model of SHB array lasers should be able to
address the nonuniform profile of the array intensity and the role of
cavity length variations in determining the array'’s general behavior.

Section 3.2 describes the primary loss mechanisms of SHB array
lasers - mcst importantly the mode mismatch loss - and presents the
calculations of their approximate numerical values, along with a few
comments on their sensitivity to perturbations in general. It is followed
by Section 3.3, whose first segment describes a rigorous approach to
finding, at least in principle, the exact supermodes and the associated
roundtrip gains of a passive SHB array. The remainder of the section
features a recent theory on locking behavior of phase-locked arrays, which
is based on apriori knowledge of the array’s supermodes. Section 3.4 keys
on establishing a relationship between effective cavity length variations
and the array laser’s behavior, based on the findings of Sections 3.2 and
3.3 and the experimental results of Section 2. 1In particular, possible
connections to the output power, the phase profile of the array, and the
near field intensity profile are investigated.

The following is a summary of the progresses made in the theoretical
portion of the program.

1) Identification and estimation of the primary losses in a SHB
array laser.

2) A detailed examination of the mode mismatch loss: its origin
and its dependence on the amplitude and phase mismatch between

the fields in adjacent guides.

3) Formulation of a theory on the behavior of a phase-locked
SHB array based on the mode mismatch loss mechanism.

4) Explanation of several key features of the experimental data
using the theory developed herein.

S) Estimation of the phase profile of the field in the array
from the pairvise far field patterns.

6) Formulation of a theoretical approach to finding the supermodes
of a [passive] SHB array.

7) Application of a phase-locking theory on planar coupled cavity
lasers to SHB arrays.
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In summing up the theoretical effort, some success has been achieved
in explaining many of the features observed in the experimental portion of
the program; however, our model is still short of being a unified and
comprehensive model that can confidently predict the performance of SHB
array lasers.

3.2 Primary Loss Mechanisms

Because the amount of output power delivered by a laser is directly
affected by the losses incurred by the laser beam, importance of a good
understanding of the loss mechanisms cannot be emphasized enough. In this
section, primary sources of loss for SHB arrays will be reviewed and their
numerical values estimated.

There are four main loss mechanisms for SHB arrays: (1) propagation -
or "wall” -~ loss; (2) end mirror coupling loss; (3) output coupling loss;
and (4) mode mismatch loss. The propagation loss is simply the loss
incurred by the wave due to its interaction with the guiding walls as it
propagates down the guide. It is a well-understood problem, which has
been analyzed extensively in the past [7], including in the previous
reports by UTRC on "Coupled High Power Waveguide Laser Research Program"
[3). The end mirror coupling loss refers to the power that is not coupled
back into the array after reflecting off the end mirrors. Its study has
been confined mainly to the context of a single vaveguide [6,8,9]. Output
coupling loss is just the loss of power to the external environment
through the coupler mirror. The mode mismatch loss refers to the loss
vhich occurs wvhen a propagating field from one section of the array does
not exactly "fit" into the guide in the next section and as a result, some
of the field is absorbed by the front of the dividing aperture wall at the
array’s midplane [3]. Very rough, first order calculations of this
quantity are given in [3); here, we shall give a much more accurate
and detailed account of the loss. Ve may add that the mode mismatch loss
arises because of the staggered structure of SHB arrays. [It is also
conceivable that a reduction in gain may occur in transition from a
phase-unlocked state to a phase-locked state, perhaps because the
phase-locked frequency has been pulled away from the peak region of the
gain curve. However, as this gain reduction would not be a real loss, it
will be not included in the analysis here.]

Robustness and reproducibility are important factors to consider when
designing and fabricating a high-precision device such as a SHB array: we
would like to know howv sensitive the device performance is going to be
with respect to perturbations in general. The propagation loss and the
output coupling loss should not be too sensitive to small structural
changes or temperature variations as these losses are determined primarily
by the guide dimensions and the material properties of the guide and the
mirror(s). The end mirror coupling loss can change significantly with the
guide-to-end-mirror distance [6,8,9]; however, it is unlikely that the gap
distance would change enough during the operation of the laser to make a
difference. The mode mismatch loss depends critically on the thickness of
the dividing aperture walls. It also depends indirectly on the effective
cavity length variations, but that is a complicated issue and will be
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addressed later in this section and again in Section 3.4.

Let us now try to estimate the actual numbers associated with each
type of loss in our experiments.

The propagation loss calculations are straightforvard. Assuming
guide dimensions of 92 mils x 92 mils [47 mils x 92 mils for the two end
elements] and the refractive index of the ceramic as n = 0.64 + 10.037
{3], numerical value of 0.23 X roundtrip loss [0.43 X for the end
elements] is obtained for x-polarized EH,, mode of the 37-cm laser. |[The
y-polarized mode has a much higher propagation loss and almost never
lases] It must be pointed out, however, that the figures given above
represent only a lower limit of the actual values since an array supermode
also contains higher order waveguide mode components as well, vhich have
higher propagation losses. 1In fact, later calculations carried out in
conenction with the mode mismatch loss analysis puts the typical roundtrip
propagation loss estimate at about 0.7-0.8 X for the inner elements of the
above case {wall thickness of 10 mils assumed], the difference from the
earlier estimate of 0.23 X being the inclusion of non-EH21 waveguide

modes.

For the end mirror coupling loss, ve need to calculate the fractional
amount of pover lost due diffraction of the beam at both ends of he
array, l.e., the portion of the reflected beam spilling outside the
array'’s cross section. Given that the separation distance between the end
mirror(s) and the end of the waveguide is only about 5 mm, the beam
diffraction is expected to be minimal, certainly not enough to cause the
beam from one channel to spread out beyond its immediate neighbors. This
means that for the inner elements, only the portion of the beam that
spills over the top and the bottom of the waveguide should contribute to
the coupling loss; diffraction in the horizontal direction just causes the
energy to be coupled into other guides of the array and is not a loss as
far as the entire array is concerned. Vith the end elements, on the other
hand, we need to include diffraction loss over three sides of the channel.

For simplicity, let us assume that the resonator mode consists solely
of the EH 1 wvaveguide mode and that the effect of tilt is negligible in
this partgcular calculation. The Fresnel number N (= a®/4)d, where a is
the dimension of a square channel, and d the waveguide-to-mirror distance)
for our inner elements is approximately equal to 27. Using the asymptotic
result for the end mirror coupling loss developed by Boulnois and Agrawal

(8]

mode], (3.1)

r = (@2 + nd)76N3’  for N> 1 [EH__

it is possible to estimate the diffraction loss for our problem. For the
inner elements, I,. = 0.00116 or 0.116 X, taking into account only the
loss in the vertical direction. For the rectangular end elements, the
Fresnel number N is about 7 and 27 in the horizontal and vertical
directions, respectively. It then follows that the diffraction loss in
this case is 0.116 ¥ - in the vertical direction - plus 0.460 X - in the
horizontal direction - for a total of 0.576 X. [For roundtrip loss
calculations, these numbers would be doubled] Therefore, the end mirror

coupling loss is quite small.
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The nominal end mirror reflectivities are 99.6 X and 92 X for the
maximum reflectivity mirror and the coupler mirror, respectively. Thus,
the total output coupling loss can be taken as 8.4 Z.

Exact calculation of the mode mismatch loss is difficult because the
supermode of a phase-locked array consists of more than just EH2 mode and
its composition is not known apriori. However, we can at least %ormulate
a model vhich illustrates the dependence of the mismatch loss at the
dividing aperture wall on the phase and amplitude mismatch between the two
field components which are coupled into the joining guide. The result
will be used in Section 3.4 to explain why a phase-locked SHB array
inherently yields less output power than an uncoupled array of the same
number of elements, and also to illustrate how effective cavity length
variations may affect several other features of the array output. We now
proceed to develop the model.

Suppose the incident field in one of the guides just past the
midpoint of the array z = L/2+ is approximated by (see Figure 3-1):

sin(2nx/a) for 0 < x < a(l-8)/2
Ei(x) = 0 for a(l-8)/2 < x < a(l+8§)/2 (3.2)
Rexp{j®])sin(2nx/a) for a(l+8)/2 < x < a,

vhere
R = normalized field amplitude in
the region a(1+8)/2 < x < a,
¢ = phase deviation (mismatch) of the field
from a pure EH21 mode.

The field in the region 0 < x < a(1-8)/2 and the field in the region
a(1+8)/2 < x < a have entered the guide from two adjacent guides that are
butted up against it at z = L/2; and they are clipped at the edges because
of the dividing wall on each side of the guide. The null region -
zero-field region - betwveen x = a(1-8)/2 and x = a(1+8)/2 reflects the
presence of the dividing wvall vhich separates guides 2 and 3 [see Figure
3-1)}. For brevity, the y-dependence of the field has been omitted.

Ei(X) can be expanded in terms of the waveguide modes Eﬂml of

guide
Ei(x) =L cmEm(x), m=1,2,3,...
vhere
Em(x) = sin(mnx/a), (3.3)
c = expansion coefficient for the m-th mode
. (1+Rexp[j #])- ((1-8)cos(8n) + sin(&m)/R)/2, for m = 2
= (sin(mu(%-&)/Z) - Rexp[j®]lsin(mn(1+8)/2))
«4/n(4-m i - (1 + (-1)Rexp[j®])sin(8n) form # 2

2m/n(4-m").
Upon propagating down the guide, reflecting off the end mirror -

assume a perfect end mirror coupling for nov - and propagating back to z =
L/Z*, Ei(x) is transformed into:
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Figure 3-1 Approximate Field Distribution in a SHB Array:
Effect of the Dividing Aperture Walls
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Er(x) = I cmEm(x)exp[jkmlL], (3.4)

vhere km is the complex propagation constant of the BHm mode [7]. Er(x)
will have a different field distribution from E,(x) sincé E,(x) is not a
pure wvaveguide mode and the waveguide modes tha% make up E {x) each have a
different propagation constant. The portion of the return field Er(x) at
the center of the guide will encounter a dividing wall and be absorbed;
this is the mode mismatch loss that we alluded to earlier.

Strictly speaking, if the end mirror is tilted at some angle,
nonuniform pathlength to the mirror across the guide will result in a
rearrangement of the reflected field’s mode composition [6]. However,
here we shall assume that the tilt is negligible.

The fractional power loss due to absorption by the dividing aperture
wall - extending from X_= a(l1-8)/2 to X, = a(l+8)/2 - is then given by

X
+ 2
Tnismatch = i dx |I c exp[jk ;LJE (x)|” /P,

vhere - (3.5)
Pi incidﬁnt pover
a(l+R")-((1-8)/4 + sin(28n)/8n).

Figure 3-2 displays the result of including up to 100 lowest modes in
the expansion and computing the mode mismatch loss as a function of & and
R. Note howv large the mismatch loss can be even for a modest amount of
phase mismatch. It shows that in general, increasing ¢ introduces more
and more of modes other than the EH,, mode and consequently leads to a
larger loss at the dividing wall. %ﬁe mismatch loss also increases with
amplitude imbalance, i.e., with R [up to & = 90°}. However, as the
amplitude disparity becomes greater, the sensitivity of the fractional
mismatch loss with respect to changes in ¢ decreases; in fact, in the
limiting case of R --> =, the fractional loss approaches a constant value.
This makes physical sense because the R --> » case represents a situation
in which no power is coming from one of the guides and in that case the
phase of the field in the other guide becomes irrelevant in the mode
mismatch loss picture. Interestingly enough, the asymptotic value for
this limiting case is also the value to which the mode mismatch loss
converges for all R values at & = 90°. The reason is that at & = 90°, the
fields originating from the left and right guides [guides 2 and 3,
respectively] represent the in- and quadrature-phase components,
respectively, and therefore couple independently into the waveguide modes
of guide 1. The total mismatch loss in this case is then the sum of the
mismatch losses for each component. Since the fractional mode mismatch
loss for each half is independent of its field amplitude [according to the
R-->® result], their sum also retains this property.

Incidentally, clipping of the incident field by dividing aperture
valls affects the propazation loss as well. This is because the clipping
process, independent of the amplitude and phase mismatches - introduces
higher order modes into the field; generally, thicker the wall, more power
goes into the higher order modes. As a result, the total propagation loss
- obtained by summing over different vaveguide modes’ contributions - wvas

35

MR




§S0T YOIeWSTR 34yl U0 Yojewsyy aseyq pue apnijrduy jo 309334 z-¢ 2an3y14

(*93d) HOLVWSIW ISVHd

062 00¢ 0sT 00T

(%) sso1

36

A

sapow Q0T = N ‘WWw GZZ'0 = SS3aUXOLYl [LemM
WO /€ X WW 6Z°Z X WW GZ'Z = suoLsuauwLg apLnyg
HOLVWSIW 3SVHd "SA SSO07 HIOLVYWSIW 3Q0NW

G G0 Th oh = A W G GE T T T O W T B T e W
l




considerably greater than the propagation loss of a pure EHZ mode.
However, when compared to the |corresponding] mode mismatch loss, the
propagation loss usually turned out to be insignificant. 0ddly enough,
though, the propagation loss appeared to be virtually independent of & and
R values so long as the value of the propagation loss itself was small.

We started to analyze this phenomenon in closed form but have not been
able to complete the analysis in time to include in this report.

As a side remark, it is important to distinguish the [incident] power
coupled into the non-EH,, modes from the actual power lost due to
absorption at the dividing wall, i.e., the mode mismatch loss. The former
can contribute indirectly to the latter by increasing the amount of beam
diffracted onto the central portion of the guide, but it is not a physical
loss in itself. 1In general, the latter is substantially smaller than the

former.

Based on the preceding analysis, a lower bound estimate on the
mismatch loss of a SHB array may be made by assuming a perfect match in
the field amplitude and phase between all the elements, i.e., by assuming
®=0and R« 1. 1In all likelihood, however, the actual mismatch loss is
. expected to be much higher than such estimate for two main reasons: (1)
The magnitude of ¢ can be quite large, as seen in some of the pairwise far
field patterns earlier; and (2) The non-EH,, vaveguide modes probably make
up a larger fraction of the phase-locked array mode than we have assumed
above, wvhich means greater mismatch loss. Recall that our analysis here
had assumed a perfect EH 1 mode in each of the two guides from which the
collective incident fielg E,(x) emerges; of course, that is only an ideal
approximation. More accura%e estimate of the array’s mode mismatch loss
requires information regarding actual & and R values, which may be
obtained from the near field pattern and the pairwise far field patterns.

Finally, a fewv comments on the sensitivity of the mode mismatch loss
to changes in guide dimensions. The mismatch loss is quite insensitive to
guide length changes of up to seveal cm’s in typical structures. The
reason for this is that the separaticn between the propagation constants
of different vaveguide modes is not very large, and thus a small change in
the guide length has a minute effect on the overall field distribution.

On the other hand, a small change in the guide width can have a dramatic
impact. This is due to the fact that the propagation constant of a
vaveguide mode has a stropg depengence on a and b, the guide width and
height: an = 5 - ((mn/a) " +(nn/b)")/2k for the EHm mode [k = wavenumber].
The strong 1/a“ dependence, coupled with the fact That each propag-~tion
constant is affected differently by a perturbation [to a and b], can
radically change the appearance of the return field E_(x) and the mode
mismatch loss from before. For example, consider thal the minimum
mismatch loss at & = 509, {.e., with R = 1, is calculated to be 2.86,
1.23, 2.84, 4.19, and 7.75 X for guide width of 1.8, 2.0, 2.2, 2.4, and
2.6 mm, respectively [37 cm guide length, 2.3 mm guide height, and wall
thickness equal to 10 ¥ of the guide width assumed). These rapid changes
demonstrat: how critical the guide mensions are in determining the mode
mismatch loss. As far as the wall thickness is concerned, we find that,
not surprisingly, a thicker dividing wall leads to an increase in the
mismatch loss in a monotonic fashion.
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To summarize this section, the major sources of loss in a
phase-locked SHB array laser have been identified as mode mismatch losses.
The results of this section will be applied towvard explaining some key
features of phase-locked SHB array’s behavior in Section 3.4.

3.3 Phase-Locked Arrays

There are two wvays one can look at phase-locking of an array. One
such viev treats the modes of a phase-locked array as a slightly perturbed
version of the resonant modes of uncoupled cavities and attributes the
coupling between different cavities as the mechanism responsible, e.g., a
wveakly-transmitting mirror between two cavities or a small aperture in a
commonly shared wall. The other approach views phase-locked modes as a
result of a process that locks together the resonant modes of the entire
array structure, i.e., supermodes. The coupling mechanism in this case is
spatial overlapping of the supermodes’ fields.

Most of the previous work on phase-locked cavities were based on the
former viewv [10-12], which is pertinent only for weak coupling, i.e., when
a small amount of power is exchanged between different cavities. Weak
coupling assumption also justifies, to some extent, the cross-saturation
term [of the gain] being left out in these analyses because the "leakage"
pover from the other cavities is weak. However, a device such as SHB
array, cannot be categorized as being weakly-coupled in the former sense
because of its configuration, and therefore, the second view adopted by
[13) appears to be more appropriate in this case. This also means that
the discussions on phase-locked arrays in previous Coupled High Power
Vaveguide Laser Research reports [1-3] are not quite applicable here.

Unfortunately, there are a few practical difficulties associated with
Shakir and Chow’s approach: (1) supermodes for the entire array - in the
absence of gain -~ need to be determined in advance somehow; and (2) except
in special cases, it is difficult to calculate the quantities necessary
for phase-locking analysis, such as coupling coefficients and self- and
cross-saturation coefficients. Determining the supermodes is fairly
straightforwvard for structures such as cascaded planar resonators in which
transverse variation of the field can be effectively ignored [12,13]). 1In
most other cases, hovever, it presents a major problem.

One way to calculate the supermodes of a passive SHB array involves
expanding the unknown supermode in terms of a complete set of waveguide
modes EH 1 - assuming a single transverse mode in the y-direction - and
solving for self-consistent, eigensolutions in a manner similar to that of
Fox and Li [14]. Unlike the Fox and Li approach vhich dealt with open
optical resonators, however, the roundtrip propagation would not [and
cannot] be carried out in terms of a diffraction integral here. Rather,
because ve are dealing with a enclosed, guiding structure, the field would
be propagated on a [vaveguide] mode-by-mode basis except in instances
vhere the modes become coupled together for some reason, in which case
mode conversion matrices representing those interactions would be
required. An initial seed vector representing the modal expansion of some
arbitrary field distribution wvould be propagated back and forth sufficient
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number of times until only the eigenvector with the largest eigenvalue,
representing the dominant supermode with the lowest loss, remains. This
procedure can be repeated - a la Gram-Schmidt process - to obtain the
other supermodes and their roundtrip losses.

This approach has a certain drawback in that it is expected to expend
a considerable amount of computational time. However, there is no way to
solve for supermodes of a SHB array analytically. In fact, it can be
showvn that in general, a multimode [transverse modes] treatment is
required to match the boundary conditions in a SHB array, even in an
idealized case where the dividing walls are infinitely thin and the end
mirrors are flush with the waveguide. Only in the event that the guide
lengths differ by multiples of a half-wavelength, a closed-form steady-
state solution exists for such a structure: such a solution possesses a
uniform distribution across the array, with each guide having same
amplitude {see the Appendix for the derivation].

Let us proceed with the eigenvector analysis. In mathematical terms,
the supermode equation for a SHB array laser would look something like:

vhere(DaP CanDbe bP ) v=Av
v [v11 12 « Vgq Vog see eee Vy .]T
eigenvector representing a supermoge, for example,
the component v, would be the complex amplitude of the
the k-th waveguiﬁe mode in the j-th guide in the expansion
of a certain supermode [whose field distribution is specified
at a common output plane],

(3.6)

XA = eigenvalue; supermode’s roundtrip gain (loss) factor,

D_ = matrix describing the diffraction coupling plus the
transmission loss at the output coupler end of the array,

D, = matrix describing the diffraction coupling plus the absorption
loss at the maximum reflector end of the array,

Pa = matrix accounting for the propagation of the field from the
midsection of the array to the output coupler end of the
array [By reciprocity, propagation along the same path from
the opposite direction is also described by Pa]’

b= matrix accounting for the propagation of the field from the
midplane of the array to the maximum reflector end of the
array [Again, the reciprocity holds],

Ca = matrix describing the rearranging of [waveguide] modes
that takes place vhen the field encounters the staggered
dividing aperture walls located at the output coupler end
of the array,

matrix describing the rearranging of modes that takes

b place vhen the field encounters the dividing aperture walls
located at the maximum reflector end of the array.
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The matrix product DaP CanD PbeP represents a roundtrip propagation of
the field. In the cBnfeft of Sut 37 em laser, the D matrices are expected
to have a narrov diagonal band due to weak coupling between different
vaveguide modes, especially between those of different waveguides, whereas
the C matrices could have a band of appreciable width. The P matrices, by
construction, are purely diagnoal, with the diagonal components’ values
determined by the guide lengths and the waveguide modes’ complex

propagation constants.

Because of massive computational requirements, and because we already
knov that EH,, mode is the main component of the dominant supermode,
actual numerical simulations based on the above algorithm were not carried
out in this program. However, expressions required to evaluate the matrix
coefficients are either readily available in the literature [6-9] or
easily derivable, and implementing the procedure outlined above should be
fairly straightforvard. For the simulation, it may be necessary to try a
range of frequency values to come up with a valid solution: in the case of
a single cavity, any error in the initial estimation of the resonant
frequency may be compensated for at the end from the phase of the
eigenvalue {15], but that is not possible in our case because more than
one [different] cavity lengths are involved.

In principle, once the lowesti-loss supermodes of the array are
obtained, phase-locking analvsis may be carried out to determine
some key features of the locked array such as locking range and locked
frequency. This analysis is more amenable to open, planar resonators than
wvaveguide resonators because of the absence of transverse field variation
in the former. Still, the results of the analysis ought to provide some
valuable insight into how the prescribed locking characteristics and other
properties of a phase-locked array are affected by factors such as cavity
length variations and the length of the coupling region. Although it is
beyond the scope of this report to carry out the actual analysis, the
required steps will outlined belov for reference purpose, with the special
case of two-mode oscillation serving as an example. For an in-depth
discussion of the topic, the readers should refer to [13].

Suppose we represent the field in the array by a superposition of its
supermodes, i.e., resonant modes for the entire array, as follows:

E(x,y,2,t) = { T a (t)exp[-j(q t+§ )]V, (x,y,2) + c.c.] }/2
vhere k 3.7)
a, = amplitude of the k-th supermode component
$ = phase of the k-th " "
= nominal frequency of the k-th supermode
(x,y.2) = field distribution of the k-th supermode.

taillad

U
Then, by assuming that ak(t) and & (t) vary slowly on the scale of Zn/wk,
and expanding the polarization of ¥he medium to the third order, the
folloving equation of motion can be obtained for the complex field
ampli tude Ak(t) = ak(t)exp[~j0k(t)] from above:

da (t)/dt = J(@ - 9+ JTIA (1) + § M 1A (t)exp[j(w -w)t]
k k k1’1
) ﬁgz-TkUpoEu %BcexP[’j?wu' Wt 9~ ”k)?¥
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vhere (3.8)
?k = resonant frequency of the k-th supermode
= non-resonant loss of the k-th supermode

M., = coupling coefficient [between the 1-th and k-th modes]

kl
Tkupa = saturation coefficient.
Expressions for Mk and T are given in [13]; the former basically

depends on the spa%ial ovggfgp of the two supermode fields - weighted by
the population inversion density - vhereas the latter is a function of the
spatial correlation among the modes designated by k, u, p, and o, -

also inversion density weighted. Though not shown explicitly, each of the
coefficients includes a self-relating term, e.g., a self-coupling term or
a self-saturation term, in addition to the cross terms. At this time, it
is important to realize that the cross-coupling [and cross-saturation]
occurs betwveen different supermodes and not between different cavities per
se as in [10-12]. 1Incidentally, since we are dealing with equations of
motion, both M, ., and Tk are in units of 1/sec; they are normalized with
respect to the roundtrlgpgime of the array.

Let us nov take a special case. When there are only two oscillating
supermodes, as may be the case when the rest of the modes fall outside the
gain curve, the set of equations given by (3.8) reduce to the following
set of normalized equations [upon having replaced W and w, by w]

3, 5608

~ ~ ~2
da,/dt = («,,~-T,)a, - (R, a,” + 2R,...
i + &ij(%os$ - Esi%%}&?, 11j]

i,j = 1,2 (3.9)

~2 ~2
dé,/dt = 0w - Q, - Ea,, + (R a,“ + 2R,...a; )G(E)
LI aij(%in¢ Sheosebi i ] 113573
vhere ]
¢-¢1'¢2
%119y = unsaturated gain for each mode

a,, = coupling term; =
Riiii’ Riij = self- :%5 crggé-saturation terms, respectively;
3
Ry122 = Roogy
G(E) = frequency Aependence of the gain curve
£ = laser frequency detuning parameter = (wo- w)y/vy
w_= atomic line center frequency
w = nominal frequency
[operating frequency when phase-locked]
v = atomic dipole decay constant
= vidth of the gain curve
T = normalized time variable = vt.
In the above, 2, and B,

are normalized versions of a, and a3 a's, R's,
and frequencies w and a's are normalized with respec%

to v.

Vhen the array becomes phase-locked, a steady state is reached, i.e.,
3, a,, ¢1, and ¢, no longer change with time. Thus, when N
forme%ly-oscillat ng supermodes are locked together, obtaining the
phase-locked solution amounts to numerically solving a system of 2N
nonlinear equations for 2N variables: N amplitude variables, N-1 phase
variables [one of the N phases can be chosen arbitrarily), and the
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operating frequency w.
3.4 Application of the Theory

In the twvo preceeding sections, we examined the loss mechanisms in
SHB arrays and a systematic approach to [understanding] phase-locked
arrays in general. In this section, we shall try to provide some
explanations for the experimental results submitted in Section 2 by making
use of the findings in Sections 3.2 and 3.3, with particular emphasis on
relationships among cavity length variations, mode mismatch loss,
supermode distribution, and the output power.

As shown in Section 3.2, mode mismatch loss is a major component in
the total loss, and it increases with severity of "misfit" between the
fields in two neighboring guides. This misfit, i.e., deviation of the two
collective fields from a pure EH,, mode, can occur as a result of either a
deviation of the phase differencé between the two from 180° or a disparity
in their amplitudes. [It is true that the mode mismatch loss will not be
zero even if the field in each of the two guides fits the EH,, mode
perfectly because of the finite thickness of the dividing wail.
Nevertheless, the mismatch loss is significantly higher when there are
disparities between the two neighboring fields.]

A phase mismatch can be caused by any of several events: a tilt of
the end mirrors, a change in the temperature distribution from one cavity
to the next, or a nonuniform discharge density across the array, just to
name a few. All these can contribute to a spread in "effective" cavity
lengths and a phase mismatch between a pair of guides. On the other hand,
an amplitude mismatch may be a result of uneven intracavity losses - the
eight-element experiment with a ceramic piece in one of the guides is a
good example of that - or perhaps a secondary effect due a phase mismatch.
In a phase-locked array, effects of the two driving mechanisms behind mode
mismatch loss tend to reinforce each other and cannot be easily separated.
For instance, in the eight-element experiment with a lossy ceramic pilece
[cf. Section 2.2}, in addition to the very unbalanced near field intensity
distribution, ve also observed pairwise far field patterns which
indicated, on the average, much larger phase mismatches than in the
no-ceramic case.

Perhaps, the most important consequence of increased mode mismatch
loss is a reduction in output pover, and there are convincing evidences
that phase mismatches do lead to a power reduction. This can be seen in
several experiments, of which the most convincing is the output power vs.
tilt measurements; in the two-, eight-, and ten-element experiments, the
output pover dropped off sharply with increasing amount of mirror tilt.
Considering that the PZT’s are capable of displacing mirrors by only a few
um’s, their effect on the end mirror coupling losses should be minimal. It
is also quite unlikely that the mode composition of the dominant
phase-locked array mode would be changed by a tilt of such magnitude to
the point where the net propagation losses of the mode are significantly
affected. It must then be concluded that the mode mismatch loss induced
by phase mismatches in the array is probably the underlying mechanism
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responsible for the sharp decrease in output power. We nov offer more
substantive arguments.

First, we shall illustrate the close connection that exists between
the phase profile of a locked-array and the profile of the effective
cavity length. To that end, ve tried to guess vhat the phase profile of
an actual field distribution might be like by using the pairwise far field
scans from the eight-element SHB array experiment [cf. Figure 2-5). This
involved estimating the phase mismatches from the pairwvise farfield
patterns by comparing them to computer-generated plots of far field
patterns for two EH2 lobes of different phases and amplitudes. The
result is that the p%ase mismatch was decidedly larger with the end
elements, with the estimate in the 30°- 45° range. In the middle portion
of the array, the mismatch was close to zero. Phase mismatch estimates of
Figure 2-5 are, from left to right, 45°, 30°, 0°, 0°, 10°, 30°, and 35°,
respectively. These findings, and the fact that the pairvise far field
patterns are quite symmetric with respect to the center of the array, are
consistent with our knowledge of a typical effective cavity length
profile. Measurements reported in the previous reports and in earlier
sections of this report, e.g., the beat frequency measurements, strongly
suggest that the index profile of the array is mostly flat except in the
vicinity of the end elements, where the index shows a sharp increase,
probably because the cooling is most efficient in those regions. Thus, we
are led to believe that there is a close correlation between the phase
profile and the effective cavity length profile of a phase-locked array.

Tilting the coupler mirror, via the tilt PZT, introduces a linear
variation to the effective cavity lengths across the array. [In fact, it
introduces a linear variation within each element as well, but for now,
consider the effective cavity length within each guide as being constant.]
If ve crudely assume, for simplicity sake, that the index variation across
the array has a parabolic profile, it can be shown that a modest amount of
tilt can lead to a larger effective cavity length variation on the average
compared to the no-tilt case. ({[Of course, the effective cavity length
profile will be no longer symmetric then]

Baving established that a modest tilt of the end mirror can lead to a
substantial amount of effective cavity length variations and a significant
phase mismatch between the fields in adjacent elements, and having
dismissed the possibility of the propagation loss playing a major role, ve
can safely attribute the lower output pover in the presence of a tilt to
a) increased mode mismatch loss [due to larger phase mismatches]. Let us
nov apply a similar type of reasoning to explain other important features
of phase-locked SHB arrays.

One key feature vhich mode mismatch loss mechanism may help explain
concerns the array’s intensity profile. In an uncoupled array, without
the mode mismatch loss, the roundtrip loss is very similar for all
elements, this being reflected in its rather uniform, top-hat-like near
field scan. The SHB array, on the other hand, is very susceptible to
having an uneven loss distribution, with the elements near each end
usually suffering the largest mismatch loss because of their steep index
changes. A proof of that shows up in its intensity profile vhich tapers
off avay from the center. Vhen a tilt is applied, the phase mismatch
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becomes greater on one side and smaller on the other side - because of the
nonuniform but symmetric index profile which exists in the first place -
with corresponding changes in the loss profile. As a result, the peak of
the intensity profile is shifted toward the end where the tilt has brought
the mirror closer to the waveguide.

Ve believe that mode mismatch loss is also responsible for vastly
inferior power output of phase-locked SHB arrays in comparison with
uncoupled arrays. For example, at 90 torr and 1100 V of rf power, the
maximum output power was measured at 41 and 68 W for the ten-element SHB
array and the uncoupled ten-element array, respectively [cf. Tables 2-4
and 2-5]. There are two reasons for our conjecture: (1) Unlike the SHB
array, the uncoupled structure does not have mode mismatch losses; and (2)
With a locked SHB array, nonuniform physical characteristics such as
effective cavity length variations only add to the mode mismatch and
propagation losses. Because of these inherent discrepancies, uncoupled
arrays are guaranteed to enjoy a superior output power. [Of course, the
difference can be made smaller].

For further evidences in support of these claims, we can look to the
results from the portion of the two-element array experiment in which the
effects of various degrees of tilt were monitored. Even though the array
has a slightly different structure from the eight- and ten-element SHB
arrays, it, nevertheless, is quite similar to them in character, and the
features wve have been discussing in the framework of the SHB arrays are
beautifully demonstrated in Figures 2-11 and 2-12.

As a good measure, output power for the eight-element SHB array was
predicted with our model - calculated using a simple Rigrod program - and
compared to the experimental value. At 80 torr of pressure and 1000 V of
input pover, the measured value was in the range of 45-50 W. The
predicted value, on the other hand, was about 43 W. For the theoretical
prediction, expected power output was computed for each guide individually
and then summed up, since the losses varied from guide to guide [for mode
mismatch loss calculations, the phase mismatch estimates from Figure 2.5
vere used]. The agreement between the two numbers is fairly good,
considering that our estimate was based on several approximations. [Ve
had originally hoped to use the ten-element array data; however, because
of the frequent occurence of the uneven discharge problem and the
possibility of some laser misalignment during the measurement process, ve
opted to use the result of the eight-element array experiment which went

much more smoothly]

Also, recall from Section 2.3 that the output power of the
tvo-element array had decreased with increasing coupling length. This,
too, makes sense in viewv of the fact that a longer coupling region would
allov the composite field from the two guides to smear out more into the
central region of the array and thus would lead to a larger mode mismatch

loss.

Finally, we would like to discuss another interesting result from the
tvo-element experiment, namely the relationship between the locking range
and pressure. Ve had reported that the locking range increased with
pressure. Although it is well known that an increase in pressure
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increases the saturation intensity {16], which, in a relative sense,
implies diminished gain saturation [for a fixed intensity level], it is
not clear at this time what effect reduced gain saturation would have on
the locking range, nor has it been discussed in the literature to our
knovledge. It may also be possible that an increase in the width of the
gain curve and the small-signal gain that accompanies an increase in
pressure play a more critical role than the increased saturation
intensity. Perhaps, the coupled equations of motion (3.9) could be solved
for various parameter values reflecting the changes in the cavity
pressure; then, perhaps, we could look for a possible connection.
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4.0 DISCUSSIONS
4.1 Summary

By focussing on the effects of a P2T tilt on the output powver, array
intensity distribution and pairwvise farfield patterns, we have deduced
that the effective cavity length variations are responsible for many of
the observed features of phase-locked SHB arrays and also for the
discrepancies in the behavior of an uncoupled array and a SHB array.
Among the several loss mechanisms investigated, mode mismatch loss was
identified as the primary mechanism through which the effective cavity
length variations manifest themselves.

During the course of the experiments, some unexpected events were
encountered. One of them was the appearance of uneven discharge
distribution, especially at low input power and high pressure values. The
other vas the finding that one very lossy element can effectively shut
dowvn the entire array; we did expect a rippling effect on the neighboring
elements because all the elements are locked together, but the extent to
vhich they were affected was a surprise.

4.2 Future Vork

There are several things that can be done to further improve our
understanding of phase-locked arrays, especially SHB arrays, and their
performances. They are outlined below.

On the theoretical side, the following items could be looked at.
One, ve need to learn more about the locking properties of arrays in
general. For example, how are the locking ranges and phase-locked
frequencies determined? How are they related to the individual cavities’
resonant frequencies? And so forth. The formulation outlined in Section
3.3 could be used to ansver some of these questions. Two, supermodes of a
passive array need to be calculated more accurately so that more precise
estimates of the losses and the output power can be made. With sufficient
computation capability, the eigenvalue approach detailed in Section 3.3
should give fruitful results. Three, a parametric study on the mode
mismatch loss needs to be done. Finding out optimal values of the guide
dimensions - recall that the mismatch loss is especially sensitive to the
guide widths - could potentially reduce the loss dramatically. Four, a
[numerical] thermal analysis of the array can be done to accurately
estimate the temperature distribution across the array. How does the
distribution change as ve increase the number of elements in the array?
Obviously, it would be disastrous if the temperature profile, and thus the
index profile, continued to become more nonuniform. However, we suspect
that the temperature gradient to remain steep only near the outer few
elements regardless of the array size. Five, the results of this program
could be generalized to SHB arrays with round guides. In principle, the
underlying mechanisms controlling their behavior should be no different
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from those of the square guide arrays. We just need to take into account
the specific differences arising from the difference in geometry.

On the experimental side, items that should be looked at are as
follows. One, we need more detailed measurements of the index profile in
an uncoupled array [although measurements with a SHB array would be
preferrable, that seems quite difficult]. This could be done by taking
the output from a pair of elements at a time and measuring the beat
frequencies. Two, it would be useful to implement a means of controlling
the effective cavity lengths individually so that the array can be made
more "uniform," thereby minimizing the phase mismatches. One crude and
less ambitious way to counter the effect of uneven cooling might be to
replace the flat maximum reflector mirror with a slightly convex mirror.
Three, we may vant to consider designing a nev type of amplitude modulator
by utilizing the dramatic effect that a large loss in just one element can
have on the output powver of the entire array. One possible such setup
vould be to replace the maximum reflector mirror with a partially
transmitting mirror; the field would be coupled out to an external cavity,
vhere [amplitude of]) the field would be spatially modulated, perhaps by a
small electrooptic modulation cell in the middle, and then coupled back
into the waveguide [see Figure 4-1]. This modulation technique would
produce a faster response compared to a direct modulation of the rf
excitation itself, and also would be fairly economical in terms of powver
consumption and size. Four, it would be intersting to see how dramatic
the effect of changing the wall thickness and guide width would be on the
performance of SHB arrays. It seems clear enough that one way to minimize
the power loss in a phase-locked SHB array would be to decrease the wall
thickness. [This point was unequivocally demonstrated in pp.3-17 and 3-18
of [3]]. An interesting question to ask may be "how small can the wall
thickness be made without seriously affecting its ability to confine the
field within the guide and at the same time extract heat efficiently?" 1In
the limit wvhen the wall thickness goes to zero - thus the mode mismatch
loss -~ does the output power approach the value of an uncoupled array?
And howv does a guide optimized for minimum mode mismatch loss fare in
other respects, such as gain per unit length and propagation loss?
Finally, we need to examine the issue of nonuniform discharge
distribution, which obviously cannot be tolerated for array applications.

Perhaps the most worthwhile experiment to perform based on the items
listed above would be to build a SHB array laser with very thin dividing
valls and individually [length-] tunable guides. It would be interesting
to see whether such a device could indeed behave as a low-loss laser with
a uniform intensity profile as predicted by theory.
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APPENDIX

Here, we shall show that the dominant supermode for an idealized SHB
array structure - having infinitesimally thin dividing walls and effective
cavity lengths that differ by multiples of a half-wavelength - has a
uniform profile across the array and consists of only EH21 vaveguide mode.

Assume that the electric field in the m-th guide is given by the EH,,
vaveguide mode as follows:

E_(%,y,2) = X (E_ expl-3fz] + E__exp[+3Bz]}sin(2mn(x-x_)/a)
-sTn(mn(y—ym)/b)

vhere . (A.1)
Em+, Em- = complex amplitudes of the counterpropagating waves
8 = propagation constant of the EH2 mode
X , ¥ = the coordinates of the center o} the m-th guide
m m .
a, b = guide dimensions.

Em+ and Em_ are related by
E = RE exp{2jBl ]

vhere "' m- m (A.2)
lm = the effective cavity length of the m-th guide
R = the end mirror’s reflection coefficient.

If we further assume a perfectly reflecting mirror at each end for
convenience, Eqn. (A.1) can be cast in the form of

Em(x,y,z) = Q‘Amsin(B(z-lm))sin(Zmn(x-xm)/a)-sin(mn(y-ym)/b) (A.3)

with the corresponding [approximate] magnetic field expression being given
by

H (x,y,2) ='? JC(A_/n Ycos(B(z-1 ))sin(2mn(x-x_)/a)-sin(mn(y-y_)/b)
m m (o] m m m (A.IO)
vhere n_ is the characteristic impedance of the medium. As usual, the
other fleld components, which are orders of magnitude smaller, have been
left out [7].

Next, we try to match the boundary conditions at z = 0, i.e., at the
plane vhere the two staggered sectiors of the array meet. In a SHB array,
the fields from two neighboring guides couple into one guide [except with
the end elements]. Suppose we label the two neighboring guides the m-th
and the (m+2)th guide, and the guide they are butted up against the
(m+1)th guide.

The boundary conditions consist of matching Em(x,y,O), Hm(x,y,O) vith
E 1(x¥,0), B ,(x,y,0), and E_ ,(x,y,0), H ,(x,y,0) vith E ,(x,y,0),
Hm+1(x,y,0), respectively, in the appropriate regions of x. Because ve
are vorking under the assumption of only the EH,, mode existing in the
array, the tvo sets of boundary conditions in turn require that E (x,y,0)
and Hm(x,y,O) be replicas of Em+2(x,y,0) and Hm*z(x,y,O), respectTvely.
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Thus, we have the following relations.

and Apsin(Bly) = AL osin(Bly ) = -Ay (sin(Bl 1), (A.5)

Amcos(slm) = Am+2cos(51m+2) = Am+1cos(ﬂ1m+1).

For these relations to be satisfied simultaneously, the following must
hold true:

B(L -1 ,) =nn n=0,1,2,...
81+ 17°7) = pm, p =0,1,2,... (A.6)
and B(1 ,+ Im+1) = qn, q =0,1,2,...

Obviously, same type of relationships must prevail with other guides of
the array as well. VWhat do these conditions imply? The first condition
above states that the length of the guides in each of the array’s tvo
staggered sections must differ by multiples of a half wavelength. The
second and third conditions, on the other hand, state that the combined
guide length of the two sections must add up to multiples of a half
vavelength, which also happens to be the condition required for
oscillation in a single-cavity laser.

It is clear that when the above conditions are met, the field

distribution at any arbitrary plane across the array would be a periodic
repetition of the EH21 profile, with equal amplitude in each guide.
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